Introduction
Lumbar fusion is a common surgical procedure for the treatment of symptomatic spinal pathologies, such as degenerative spinal disease, trauma, spondylolisthesis, and deformity [1, 2] . Among various spinal fusion techniques, open transforaminal lumbar interbody fusion (TLIF) has been proven to be a safe technique to achieve lumbar fusion via a unilateral approach with minimal retraction of neural elements [3, 4] . Nevertheless, like other open posterior procedures, one of the drawbacks of open TLIF is the iatrogenic lumbar soft tissue injury, which is supposed to relate to postoperative pain, long recovery time and impaired spinal function.
Minimally invasive transforaminal lumbar interbody fusion (MITLIF) has become a popular and well-established technique since its first description by Foley et al. in 2002 [5] . Compared with the open procedure, MITLIF appears to achieve similar fusion rates while minimizing blood loss and tissue injury, causing smaller wounds, increasing the speed of recovery, and reducing postoperative pain [6] [7] [8] [9] . Currently, there are a few studies [7, [9] [10] [11] which have reported the outcomes and benefits of MITLIF. However, these studies mainly focus on one-level TLIF, and comparisons of minimally invasive versus open TLIF in two-level degenerative lumbar disease are very limited. To the best of our knowledge, this study may be the first study to compare the minimally invasive versus open TLIF in two-level degenerative lumbar disease.
Materials and Methods

Clinical data
This study was approved by the Committee of Medical Ethics and the institutional review boards of the authors' institutions. From March 2010 to December 2011, a total of 82 consecutive patients underwent two-level TLIF by one surgeon in our hospital. Patients admitted on odd-numbered days were assigned to the minimally invasive group, and those admitted on even-numbered days were assigned to the open group. Of all the patients, 44 patients underwent MITLIT (group A) and 38 patients underwent the traditional open TLIF (group B).
Demographics and procedure data are listed in Table 1 . Indications for surgery were: (1) far-lateral disk herniation, huge lumbar disk herniation or recurrent lumbar disk herniation and symptomatic adjacent segment pathology/ degeneration; two-level lumbar stenosis both requiring facetectomy and fusion; symptomatic lumbar stenosis with degenerative disc disease combined with segmental instability; symptomatic degenerative disc disease; (2) two-level fusions were needed between L3 and S1; (3) persistent or recurrent low back pain or leg pain lasting at least six months and resulting in a significant reduction of quality of life, despite conservative therapy, including physical therapy and pain management.
Contraindications were: (1) patients associated with previous spinal surgery, lumbar fracture, active infection, severe osteoporosis and severe obesity; (2) combination of coronal and/or sagittal deformities that needed a surgical correction; (3) degenerative spondylolisthesis with major instability or isthmic spondylolisthesis; (4) any major psychological problem. The inclusion criterion of segmental instability was more than 4 mm of translation or 10 of angular motion on preoperative flexion-extension radiographs.
Surgical techniques
Minimally Invasive TLIF
Under general anaesthesia, the patient was evenly placed in a prone position on a radiolucent operating table. The posterior superior iliac spines (PSIS) were palpated, and the lines connecting to the PSIS were labeled with a marker. Our selfmade pre-operative locator [12] was then placed on the patient's back with the central part in the midline over the approximate spinal levels of interest and fixed with an adhesive plaster. The anteroposterior (AP) fluoroscopic image was obtained. The targeted levels were confirmed according to the different markers on the locator. Based on the spatial relationship, the intervertebral spaces and the pedicle positions were marked on the body surface. An incision was planned by connecting a line between the outer portions of both ends of the pedicles (approximately 3.0 cm off midline) (Fig. 1) . Then a skin incision about 3.0-4.0 cm was made on the more symptomatic side or more severe pathology side according to the images. The paravertebral muscles were split and retracted laterally to the outer edge of the facet joint, and the lamina and facet joint were exposed. Adequate decompression was achieved by cutting the inferior portion of the lamina, hypertrophied superior and inferior articular processes and the ligamenta flava. After complete decompression, the operating table or the expandable tubular retractor was tilted about 15°t o observe the contralateral side. Adequate bony decompression was carefully performed with a rongeur leaving the ligamentum flavum in place to protect the dural sac and the nerve root. Then the ligamentum flavum was removed en bloc with a curette. With recognition of the inner aspect of the No additional contralateral facet fusion was performed in all the patients. The decompression and fusion procedure of another segment was the same as above mentioned. Following the decompression and fusion procedure, the ipsilateral pedicle screws were placed in direct visual as in the open procedure, and the contralateral pedicle screws were percutaneously placed. Depending on the depth of the tissue between the skin and pedicle, a 1-2 cm lateral skin incision was made to insert the Jamshidi needle at an appropriate angle into the pedicle. Using the Jamshidi needle, the AP and lateral images were obtained to localize the needle tip, docked against the bone at the junction of the base of the transverse process and facet joint. The needle was then gently tapped with a mallet to engage the tip in the bone. Fluoroscopy was intermittently used to confirm the direction and the depth, to make sure the needle remained lateral to the medial pedicle wall. As the needle advanced to cross the pedicle center, a guidewire was inserted through the cannula into the pedicle. The cannula was then carefully removed, leaving the guidewire in place. The fascia and muscle were dilated to allow screw placement. After preparation of the pedicle with a tap using cannulated taps, the percutaneous cannulated pedicle screw-rod system (Sextant; Medtronic Sofamor Danek, Memphis, TN, USA) was placed.
Open TLIF
The open TLIF approach was performed using a midline open approach. A more detailed description of the procedure is available in the literature [7, 13, 14] .
Clinical and radiological evaluation
The data collected for analysis were operating time, intraoperative blood loss, total amounts of transfusion, X-ray exposure time, duration of hospital stay, clinical and radiographic results and complications. The patients were asked for follow-up at three, six and 12 months postoperatively and annually thereafter. Back and leg pain were quantified by visual analog scores (VAS) collected from the patients preoperatively, three days postoperatively and at last follow-up. The Oswestry Disability Index (ODI), version 2.0, was used before and after surgery to provide information about how the patient's leg (or back) condition has affected his/her management in daily life.
Radiographs (AP and lateral images) were taken to evaluate the fusion status at 12 months postoperatively. When it is Fig. 1 1 Palpate the iliac crests pre-operatively. 2 Make a mark on the overlying skin at the uppermost margin of each iliac crest. 3 Place the pre-operative grid locator on the patient's back with the centre in the midline over the approximate spinal levels of interest and fix with an adhesive plaster. 4 Obtain the AP fluoroscopic X-ray image involved in the sacrum. 5 Confirm the levels for surgery according to the different markers on the locator and mark the incision and pedicles difficult to confirm the fusion status by radiographs, CT scan with two-dimensional reconstruction was performed. The radiographic assessment of solid fusion was performed by two independent, experienced spine surgeons who were not involved with the surgical procedures. The fusion status was assessed using plain radiographs, according to the Bridwell's posterior fusion grades [15] , namely, grade I: solid trabeculated transverse process and facet fusions bilaterally; grade II: thick fusion mass on one side and difficult to visualize on the other side; grade III: suspected lucency or defect in the fusion mass; grade IV: definite resorption of graft with fatigue of instrumentation. The fusion was defined as grade I or grade II.
Statistical Assessment
Statistical analysis was performed with SPSS version 17.0. Student's t test was used to compare continuous variables (age, duration of symptoms, operative time, intra-operative blood loss, amount of transfusion, X-ray exposure time, duration of hospital stay postoperative and follow-up period). A chi-square test or a Fisher's exact test was used to compare the differences in gender, preoperative diagnoses, levels of fusion, fusion rate at one year after surgery, and complications. Analysis of pain and functional evaluation (VAS and ODI scores) was carried out by means of an unpaired t-test between groups, and analysis of variance was used within each group to compare the pre-and post-treatment. In all analyses, significance was defined as p <0.05.
Results
No significant differences existed between the two groups in terms of mean age, duration of symptoms, gender, levels of fusion and preoperative diagnosis ( Table 1) (Fig. 2) , pre-operative and latest ODI between the two groups.
Fusion status was judged on the radiographs at 12-month follow-up. According to the Bridwell's criterion, there were 24 grade I cases, 17 grade II cases, and three grade III cases in group A, and 20 grade I cases, 15 grade II cases, and three grade III cases in group B. The fusion rate (grades I and II) was 93.2 % in group A and 92.1 % in group B with no statistical difference (p >0.05). The patients of grade III are still under follow-up. A representative case is shown in Fig. 3 .
Small dural tears occurred in three patients (two patients in group A and one patient in group B). The overlying fascia was closed tightly without additional exposure and repair. Postoperatively, the patients remained strictly supine in bed, and cerebrospinal fluid leakage lasted less than a week without any neurological sequelae or wound complication. Five patients (two patients in group A and three patients in group B) who suffered from superficial wound infection were successfully treated with oral antibiotic therapy and dressing change. Postoperative radiographs showed one pair of screws was overlong and penetrating the front cortical bone of vertebra in one patient in group A (Fig. 4) , and no additional symptoms (such as abdominal pain) were observed during the follow-up period in this patient. No device-related complications, such as Fig. 2 Change in visual analog scores (VAS) after surgery. a Visual analog score for back pain (VAS-BP) pre-operatively, three days after surgery and at the latest follow-up. b Visual analog score for leg pain (VASLP) preoperatively, three days after surgery and at the latest follow-up hardware loosening or breakage, cage migration or neurological injury due to violation of the pedicle cortex by the screws occurred in either group. The total complication rate was 11.4 % for group A and 12.1 % for group B. When comparing complications, no significant difference was observed between the groups (p >0.05). All the details are illustrated in Table 2 . Discussion TLIF, first described by Harms and Rolinger [16] , is currently used increasingly as an alternative procedure for lumbar posterolateral fusion or posterior lumbar interbody fusion (PLIF) [14, [17] [18] [19] . As with the PLIF procedure, TLIF offers a number of potential benefits, including increased fusion surface area, complete access for medial and lateral decompression and restoration of intervertebral body height [20] . In addition, TLIF reduces the complications associated with PLIF, because it does not require retraction of the dura or nerve roots, eliminates epidural scarring, and reduces intraoperative bleeding [21] [22] [23] .
However, in the conventional midline approach, extensive muscle dissection and retraction leads to subsequent denervation and atrophy of the back muscles and may contribute to postoperative pain syndrome, such as fusion disease [24] [25] [26] . MITLIF, which is supposed to solve the above-mentioned Fig. 3 A 65-year-old man was admitted to our hospital for low back pain and intermittent claudication for almost 2 years. a, b, c, d The pre-operative image data of the patient showed lumbar stenosis combined with instability in L4/5 level and degenerative disc disease in L5/S1 level. e, f AP and lateral radiographs showing the internal fixation and cage the third day after MITLIF. g, h CT scan the third day after MITLIF. i, j AP and lateral radiographs showing a solid fusion 12 months after surgery Early studies on MITLIF reported longer operating time [7, 8, 10] . Foley et al. [28] suggested that MITLIF was more difficult to detect surgical landmarks during operation, because the operating area or space was narrow and limited, and it took surgeons a longer time to learn the surgical techniques and procedures of MITLIF. They also indicated longer operation time required for MITLIF than that for conventional fusion. This is probably due to longer time required for neural decompression and percutaneous screw placement. In this light, there have been various attempts to shorten the operation time of MITLIF, and Min and colleagues [29, 30] reported that it was possible to decrease operation time statistically significantly by a unilateral approach, compared with a bilateral approach. Furthermore, it was thought that the operation time could be shortened as the surgeon gets more familiar with the surgical procedures and techniques of MITLIF. Similarly, a unilateral approach for bilateral decompression was used in our surgery, and we managed to achieve shorter operating time for MITLIF cases. In our study, no significant difference existed in operating time between the two groups. This might be due to the fact that we have overcome the initial stage of the MITLIF learning curve. Satisfactory clinical outcomes of single level MITLIF have been reported. Potter et al. [14] reported that satisfactory clinical outcomes were shown in 80 % of 100 patients who underwent a single MITLIF and were followed-up over two years. Foley et al. [28] reported improvements in ODI score from 55 points pre-operatively to 11 points postoperatively. In this study, clinical outcomes, determined by VAS-BP, VAS-LP and ODI scores, were significantly improved postoperatively compared to pre-operatively, and were not significantly different between the two groups, except VAS-BP and VAS-LP scores three days after surgery. We attribute these differences to less tissue trauma and structure damage during surgery in MITLIF, while still safely accomplishing the goals of the conventional open TLIF. Intra-operative blood loss and duration of postoperative hospital stay of the MITLIF group in our study were obviously superior to open TLIF. No patients in the MITLIF group needed blood transfusions perioperatively, while in the conventional open TLIF group, 11 patients received blood transfusions during surgery. Thus, MITLIF obviously reduced the need for blood transfusions and its associated risks.
Based on the Bridwell's posterior fusion grading system, there were no significant differences in the fusion rates be- Minimally invasive spinal fusion using the MITLIF technique is efficacious and safe. However, the need for intraoperative fluoroscopy poses disadvantages. Occupational radiation exposure is not a negligible issue in daily clinics, and consensus that its hazards must be acknowledged and better understood has been made by the major American societies of physicians [31] . It has been indicated that radiation had a certain randomness or linear relationship with the occurrence of cancer and cataracts [32] , and recently the International Commission on Radiological Protection recommended that for occupational exposure in planned exposure situations, the equivalent dose limit for the lens of the eye be reduced from 150 mSv to 20 mSv in a year based on robust epidemiological evidence [33] . Therefore, we must take complete protection such as wearing leaded apron and glasses during surgery and mitigate radiation exposure to the greatest extent possible. Our study indeed found much longer X-ray exposure time in the MITLIF group. At this point, the surgeons' experience in minimally invasive surgery should not be neglected. Compared to open TLIF, MITLIF is technically more challenging, because the surgery involves a much smaller operative field and lacks of visualization of the bony landmarks, and the tactile feedback can also hinder the accurate decompression, interbody fusion and percutaneous pedicle screw placement. This technique, as with all minimally invasive surgical strategies, requires a steep learning curve. This is associated with significantly longer X-ray exposure time. The present study is not without limitations. First, the sample size was small and the follow-up periods were short. Finally, postoperative MRI or CT scans were not performed in all patients, so deviations would exist when assessing the fusion status and ASD.
Conclusion
MITLIF was superior to the traditional open TLIF in the management of two-level degenerative lumbar diseases. The minimally invasive procedure was superior in terms of postoperative back pain and leg pain, intra-operative blood loss, transfusion and duration of hospital stay postoperatively. However, it required much more radiation exposure.
